The effect of local immunization with Streptococcus mutans on dental caries in conventional and gnotobiotic rats was studied. 
The effect of local immunization with Streptococcus mutans on dental caries in conventional and gnotobiotic rats was studied. Injection of these animals with S. mutans strain 6715 Dental caries, which is one of the most prevalent diseases of mankind, has been shown to be both bacterial in origin (16, 50) and infectious in nature (33) . Streptococcus mutans, an organism found in dental plaque, is most commonly associated with carious lesions in the hamster (16) , rat (35) , monkey (6) , and human (14) . It is generally accepted that the cariogenic potential of S. mutans in experimental models is manifested by the organism's ability to ferment various carbohydrates, producing large amounts of acid, and by its ability to participate in the formation of dental plaques. It is clear that this latter ability is dependent upon the synthesis of dextran-like glucose polymers called glucan or mutan (25, 27, 70 ) which seem to be necessary for adherence to hard surfaces (26, 41) . These polymers are synthesized only from sucrose (26, 70) by a group of glucosyltransferase enzymes (GTF; 28) . S. mutans colonization of teeth and production of caries, particularly on smooth surfaces, is enhanced by sucrose (16, 37, 38) , although sucrose is not required for growth or acid production by these organisms (53) . Therefore, the GTF enzymes seem to play an important role in the manifestation of the pathogenic potential of S. mutans.
Interference with the colonization or growth of this oral pathogen on dental surfaces by innate or acquired mechanisms would be desirable in limiting the disease. The immunoglobulin A (IgA) immune system, which has been described in various secretions (66) , might fulfill such a role. Antiviral (46, 51) and antibacterial (4, 69) activities have been demonstrated at various mucosal surfaces, and it is clear that these activities can be principally mediated by secretory immunoglobulin A. Production of this protective antibody appears to be dependent primarily upon local, rather than systemic, infection or stimulation (22, 47) .
Several decades ago, antibacterial activity in the saliva was described (54, 55) . That this activity might be antibody was suggested by the predominance of IgA in various salivary gland secretions (8, 13, 43) . In fact, naturally occurring salivary antibody of this class, directed to bacteria (58, 67) including S. mutans (12) , has been detected. In light of the bacterial nature of the disease and the potential for intervention by immune mechanisms, several attempts have been made to induce resistance to the caries production of S. mutans by injection of live (7, 29) or formalin-killed (62) organisms or soluble bacterial products (29, 30) . However, these experiments, conducted in rats (29, 30) and monkeys (7), yielded variable results. Interpretation of these findings has been difficult since salivary antibody was never identified.
Our objective has been to stimulate, by immunization, the secretion of IgA antibody directed to S. mutans into the saliva of conventional and gnotobiotic rats and to study the effects of this immunization on experimental dental caries.
MATERIALS AND METHODS Bacteria. S. mutans strain 6715, which has been serologically classified as an S. mutans group d organism (9), was obtained from J. van Houte. This organism, originally isolated from humans (17), has been shown to produce dental caries in pathogen-free hamsters and rats (17, 62, 63) . The organism is resistant to streptomycin at concentrations of 2,000 sg/ml. The bacteria were grown anaerobically (10% CO2, 90% N2) for 18 to 20 h at 37 C in Trypticase soy broth (BBL) supplemented with glucose to a concentration of 0.5%. The cells were harvested by centrifugation (18,000 x g), washed three times with phosphate-buffered saline (PBS) solution (0.02 M phosphate, 0.15 M NaCl, pH 7.5), suspended in PBS containing 0.6% formalin, and incubated overnight at room temperature. The killed cells were washed three additional times with PBS and stored at 4 C in PBS containing 0.2% formalin. If cells were to be used in germ-free animals, sterile conditions were maintained throughout the preparation of cells. The same cell preparation was used as vaccine for immunization and for detection of agglutination. Each dose of vaccine for injection contained 109 S. mutans 6715 organisms.
Immunization experiments. Five immunization experiments have been performed in presumptively pathogen-free rats (CD strain, Charles River Breeding Laboratories, Inc., Wilmington, Mass., breeding area 71) and two in germ-free rats (Forsyth strain). Both strains were initially derived from Sprague-Dawley rats. The pathogen-free rats (P) did not harbor S. mutans indigenously. The complete protocols for these experiments are shown in Fig. 1 . In the P experiments, 30 to 40 rats of both sexes were divided into four groups: (I) nonimmunized and noninfected, (II) nonimmunized and infected, (III) sham-immunized with 0.1 ml of PBS containing 0.2% formalin incorporated into 0.1 ml of complete Freund adjuvant (Difco) and infected and (IV) immunized with 0.1 ml of vaccine (109 S. mutans 6715) incorporated into 0.1 ml of complete Freund adjuvant and infected. The animals in groups III and IV were injected subcutaneously in the vicinity of each parotid and submandibular gland 4 to 5 times at approximately 10-day intervals prior to infection. Rats in experiment P 4 were injected without adjuvant 20 times over a period of 7 weeks prior to infection. Subsequent injections were given at 20-day intervals after infection. All animals (except P 5) were maintained on cariogenic diet 2000 (34) after weaning (19 to 21 days) until the experiment was terminated. In experiment P 5, the animals were maintained on low carbohydrate diet L-356 (General Biochemicals, Chagrin Falls, Ohio) from weaning and given diet 2000 one week prior to infection until the termination of the experiment.
Experiments initiated in germ-free (G) rats followed essentially the same protocol as the P experiments ( Fig. 1) . It has been established that dental caries will not develop in germ-free rats (50) . Therefore, only two groups of animals were used, corresponding to groups III and IV. These animals were housed in the same isolator and given a series of three injections prior to infection. Preliminary studies (65) indicated that a specific salivary antibody response directed to S. mutans occurred after this regimen (see experiment G 0, Fig. 1 period were recorded in some experiments. There were no significant differences between the volumes of saliva collected from rats in the different groups. Prior to antibody assay, the saliva was heated at 56 C for 30 min and centrifuged (27,000 x g). Blood was collected at the same time as saliva from the tail vein or the orbital plexus. Serum was heated at 56 C for 30 min before antibody assay.
Antibody assays. S. mutans 6715 agglutinating activity in samples of saliva and serum was determined by microtitration (Cooke Engineering Co., Alexandria, Va.) utilizing formalinized bacteria. Twofold dilutions of the test serum or saliva were made in PBS containing both 0.001 M ethylenediaminetetraacetic acid and 1 mg of bovine serum albumin (Miles Laboratories, Inc., Elkhart, Ind.) per ml. The S. mutans 6715 cell preparation was diluted in PBS to give an optical density of 0.450 at 580 nm (2.2 x 108 cells/ml). One drop of this bacterial suspension was added to the various dilutions, which were then mixed and incubated at 4 C for 18 to 24 h. Agglutination was recorded at these times. Salivary and serum antibody was investigated by a modification of the antiglobulin augmentation procedure (1), as previously described (63) . After recording agglutination titers, the bacteria were washed three times with PBS (100 gliters). After the third wash, the bacteria were resuspended in 100 gliters of a 1: 100 dilution (vol/vol) of the antiglobulin reagent and then reincubated at 4 C for 24 to 36 h. The agglutination titers were recorded again, and enhancement was noted and expressed as the number of increased twofold dilutions.
Preparation of antiglobulin reagents (antisera directed to rat immunoglobulins). The preparation of these reagents and their specificity have previously been described (63) . Briefly, rat IgG was isolated from rat gamma globulins (Miles) by diethylaminoethylcellulose chromatography (5, 61) (63) . RF10 sera taken prior to immunization (normal serum), prior to absorption (anti-IgA and L chain) and postabsorption (anti-IgA) were used in all experiments as antiglobulin reagents. Additional controls included buffer and cells.
Infection. S. mutans strain 6715 organisms were passaged in conventional animals maintained on diet 2000. These organisms were reisolated for purposes of infection. The rats in groups II, III, and IV were orally infected with 0.4 ml of a 20-h culture of S. mutans 6715 (approximately 108 colony-forming units) 10 to 22 days after completion of the initial immunization regimen (Fig. 1 ). This time for infection was chosen because salivary antibody could be demonstrated. The flora of all the animals was periodically monitored prior to and after infection. The buccal, lingual, and occlusal surfaces of the molar teeth were systematically swabbed once with a Calgiswab (Colab Laboratories, Inc., Glenwood, Ill.) which was immediately placed in 2 ml of one-quarter strength Ringer solution. Appropriate dilutions were plated on Mitis-Salivarius agar (BBL). with and without 200 jg of streptomycin sulfate per ml.
At the termination of the experiment (61 to 120 days after infection; Fig. 1 ), saliva was collected and the animals were exsanguinated. Each jaw was divided in two. Caries, scored by a modified Keyes method (32), and lesions, scored as the number of sites of disease on each dental surface, were determined immediately for the right half-jaw. The molar teeth and associated periodontal structures then were removed and ground with 3 ml of one-quarterstrength Ringer solution in a glass tissue grinder (59) . Appropriate dilutions were plated on tryptic soy agar, containing 5% sheep blood, on Mitis-Salivarius agar with and without 200 gg of streptomycin sulfate per ml. The left half-jaw was defleshed, and all caries and lesions were scored without knowledge of the group designation of the animal.
Differences among means were determined by analysis of variance, and individual means were compared utilizing the Duncan multiple range test. In all P experiments, comparisons were made among the three nonimmunized groups or among the three infected groups.
RESULTS
Pathogen-free rat immunization. Although rats have been frequently employed as models for dental disease, the ability of these animals to mount a salivary immune response had not been investigated. Local immunization was studied as a means of induction of this type of response in conventional and germ-free rats. This was followed by characterization of the activity which had been stimulated as to its antibody nature and immunoglobulin class. The bacterial agglutination profiles of salivas and sera obtained during experiments P 1 and P 3 are shown in Fig. 2 . Animals in these experiments were divided into four groups and treated as described in Materials and Methods. After three immunizations, the salivary agglutinin levels of the immunized group IV rats were VOL. 9, 1974 elevated with respect to the other groups (Fig.  2a) . These levels remained consistently higher throughout the experimental period and, in general, increased with continued immunization. The sera of these animals were examined similarly (Fig. 2b) elevated only in the rats in group IV.
In Fig. 3 are presented the agglutinin titers of sera and salivas taken prior to infection from all rats in P experiments 1 through 5. After four to five immunizations in complete Freund adjuvant (P 1, 3, and 5) or 20 immunizations in PBS (P 4), S. mutans agglutinating activity in saliva ranged from a mean log2 titer of 2.7 to 3.3 (actual titers ranged from 1:2 to 1: 32). Experiment 2 mean log2 titers were below this range. However, the purpose of experiment P 2 was to determine whether minimal immunization would elicit sufficient, although not necessarily detectable, salivary antibody to affect dental disease. In every experiment the number of preinfection immunizations in group IV rats resulted in serum agglutinating activity which was considerably elevated above that of the control groups.
The antiglobulin augmentation technique was employed to confirm the antibody nature and to determine the immunoglobulin class of the agglutinating activity in the immunized rat saliva. In Table 1 No augmentation was detected in salivas taken at similar times from the rats in P 2. Similar studies of the sera of immune animals indicated augmentation with the antiserum to IgA and L chains, but not with the IgA-specific antiserum.
To confirm that most of the anti-S. mutans 6715 antibody was present in the IgA fraction of saliva from immune P rats, the elution position in gel filtration of the antibody activity in saliva was correlated with the elution position of the constituent salivary immunoglobulins. Salivas from immunized or nonimmunized rats were fractionated on Sephadex G-200. The elution profiles are shown in Fig. 4 . S. mutans 6715 agglutinating activity was detected solely in the region of IgA elution of the immune saliva. 3 . Agglutination of S. mutans 6715 by saliva and serum of pathogen-free (P) rats. Salivary response is expressed as the mean of the reciprocal agglutinin titers to the log2. Reciprocal titers less than 2 were considered as 1 for computational purposes. Serum response is expressed as the mean of the reciprocal agglutinin titers to the log,,. Reciprocal titers less than 10 were considered as 5 for computational purposes. The number of animals at the time of collection of both fluids is indicated above each bar in the salivary response. Brackets enclose two standard errors. The day of collection, which in all cases was before infection, and number of immunizations ( ) for each P experiment were: P 1, 76(5); P 2, 38(2); P 3, 78(5); P 4, 62 (20) ; and P 5, 58 (4) . Group I was nonimmunized and noninfected; group 1I was nonimmunized and infected; group III was sham-immunized and infected; group IV was immunized with S. mutans 6715 and infected. strongly suggested that the anti-mutans activity was associated with the IgA in the saliva of the group IV animals.
Germ-free rat immunization. Two experiments were performed in which intially germfree rats were immunized with S. mutans 6715 following protocols similar to those of the P experiments (Fig. 1) . The bacterial agglutinating activities of the salivas and sera from these rats at experimental termination are presented in Fig. 5 . The immune groups (IV) had considerably more agglutinating activity in both fluids than did the sham-immune groups (III). The nature of the salivary activity was determined by antiglobulin augmentation (Table 2) . A preliminary experiment, G 0, was performed to determine whether the immunization regimen employed would result in salivary antibody in germ-free rats. Antibody was detected in the saliva of the immunized rats by augmentation (Table 2 ). In the two experiments in which rats were subsequently infected (G 1, G 2), only the salivas of the immunized animals were augmentable with either antiglobulin reagent. These experiments showed that salivary antibody was present both before infection and at experimental termination in the G rat experiments.
Bacterial studies. After establishing that salivary IgA antibody directed toward S. mutans 6715 could be stimulated in rats by local immunization, it was of interest to determine the effect of this immunization upon plaque bacteria and experimental dental caries. Therefore, on the days which are shown in Fig.  1 swabbing of tooth surfaces. The differences in numbers of organisms recovered in this manner among the groups were statistically significant only in experiment P 1. Similar results were not found in the other P or G experiments. This diversity could reflect the difficulties inherent in swabbing as a means of bacterial recovery. The numbers of bacteria which were recovered from the half-jaw at termination of the experiments are recorded in Table 3 . Statistically significant reductions in the numbers of S. mutans which were recovered from group IV rats were noted only in P 1. However, when the ratios of S. mutans to total colonies recovered were compared, there were no significant differences. Thus, although some of the results suggested that the population of plaque-associated mutans might be reduced by prior immunization, these reductions were not consistently detected. Caries scores and lesions. In order to further assess the possible effects of immunization with S. mutans upon infection with the cariogenic streptococci in these experiments, the mean caries scores of each group in the P and G experiments were determined and compared (Table 4 ). The immune group IV always had lower mean caries scores than either of the other infected groups. These differences were statistically significant in two of the seven experiments and were of borderline significance in two others (P 5, G 2, P < 0.10). The terminal body weights and the amounts of collected saliva never differed significantly among the four groups. Some dental caries was found in the group I animals although they had not been infected with S. FIG. 5. Agglutination of S. mutans 6714 and serum of gnotobiotic rats. Fluids were c experimental termination after a total of ei nizations. Salivary response is expressed as of the reciprocal agglutinin titers to the log cal titers less than 2 were considered as 1 for tional purposes. Serum response is expres mean of the reciprocal agglutinin titer to Reciprocal titers less than 10 were consider computational purposes. The number of ( the time of collection of both fluids is indic each bar in the salivary response. Brackl two standard errors. Group III was sham-i and infected. Group IV was immunize mutans 6715 and infected. I  0  0  0  0  0  II  20  27  96  292  49  III  14  15  52  108  42  459  340  IV  2c  61  41  173  97  444  292   Total colonies x 108  I  7  25  119   74  25  II  10  74  336  197  57  III  10  57  631  48  48  IV  3  72  545  67 112
Group means of log-transformed bacterial colony counts.
'Group I (nonimmunized and noninfected); group II (nonimmunized and infected); group III (sham-immunized and infected); group IV (immunized and infected). c Statistically significant, P < 0.05. (22, 64) and saliva (63) (Fig. 2a) .
Continued immunization with S. mutans resulted in increased agglutination titers. This was followed by a drop in titer when immunization was discontinued (during the period of infection) for approximately 40 days. Further immunization after this period gave rise to an increase in titer to levels higher than had been previously noted, suggesting certain aspects of an anamnestic response. If we can assume that virtually all the agglutination observed was caused by IgA, then these observations could suggest the presence of an anamnestic salivary IgA response. The presence of anamnesis in the secretory immunological system has been controversial (45) , but recent evidence (10, 24) has suggested that IgA immunologic memory might exist. Although the sera did not display an anamnestic-type response (Fig. 2b) , the multiple injections of antigen in adjuvant during the early experimental phases precluded the visualization of the secondary response. The differences between these two systems could be accounted for by the possibility that greater antigenic potential might be required to achieve maximal stimulation of the secretory immune response. Of further interest are the small increases in salivary and serum agglutination response in sham-immunized animals after the period of infection. These increases might be explained by changes in mucosal permeability or by greater responsiveness to infecting antigens resulting from the administration of adjuvant.
A comparison of the response in gnotobiotic rats and conventional animals at the termination of the experiments indicated that the ranges of the mean agglutination titers of the group IV sera and salivas in the various experiments were comparable: sera (log,,), G experiments 2.3 to 3.4, P experiments 2.9 to 3.3; salivas (log2), G experiments 2.0 to 5.3, P experiments 1.6 to 3.8. These serum titers confirm reports of a similarity between the serum immune response of germ-free and conventional animals (49, 59) . Our findings suggest that the immune response in secretions of gnotobiotic rats may be essentially equivalent to the response in secretions of conventional animals. As might be expected from the more extensive nature of infection ( Immunization experiments were initiated in germ-free and conventional rats to determine the effects of antibody on S. mutans in a system where this organism alone was present and clearly responsible for the caries observed as opposed to the superimposition of the organism on a pre-existing oral flora. No direct comparison could be made because of the variability in cariogenicity of the organisms employed. This was probably the result of the periodic reisolation of organisms for infection. Similar variability has been previously reported (62) .
In a total of seven experiments which we have performed, dental caries was always lower in the group of animals which had been immunized with S. mutans 6715. These reductions were observed in spite of the fact that the experimental conditions were chosen to greatly favor the implantation and production of caries by S. mutans. Thus, animals consuming large amounts of sucrose were infected with doses of S. mutans far in excess of that necessary to produce infection. One possible explanation to account for the reductions in caries could be a change in the eating habits of the animals caused by injections in the salivary area. It has been demonstrated in rats that reductions in the frequency or quantity of diet consumed can result in diminished dental caries (36, 40, 56 (30) has shown reductions in dental caries in rats immunized with S. mutans culture supernatants containing GTF activity. It is clear that antibodies directed to whole organisms will inhibit polymer formation by GTF enzymes from the organism (11, 15) . In addition, antibody directed to S. mutans can interfere with the in vitro attachment of these bacteria to artificial hard surfaces, such as wire (21) or glass (44, 48) . At least one of these preparations contained some antibody directed to the GTF enzymes (21) . The suggestion has been made that immune inhibition of enzymatic activity is responsible for the observed interference with in vitro adherence (21, 23, 48) . A more recent study (42) has suggested that GTF enzyme(s), synthesized by sucrose-grown cells, is converted from soluble enzyme to a cell-bound form. These findings have been confirmed and extended to implicate the "a-d site" in the S. mutans group a polysaccharide antigen (44) as the participating binding site on the surface of the group a S. mutans cell. Antibody directed to this "a-d site" could inhibit subsequent adherence phenomena demonstrated when killed cells were incubated with crude GTF and sucrose (44) . Apparently, antibody directed to either GTF enzymes or a cell surface antigen can interfere with adherence phenomena demonstrated by S. mutans.
Although antibody of any immunoglobulin class might manifest an enzyme-inhibitory function, salivary IgA appears to be of major importance in our experiments. Human salivary IgA has been shown to possess inhibitory activity for several bacterial enzymes (20) . Of interest in this regard is the recent finding that four of six salivas from immune rats (experiment P 3) demonstrated specific inhibition of GTF enzymes prepared from S. mutans 6715 (R. J.
Genco, R. T. Evans, and M. A. Taubman, in F. W. Kraus (ed.), Proceedings international symposium on the IgA system, in press). This inhibition could be greatly reduced after removal of IgA from saliva by incubation with excess specific antibody directed to IgA. Therefore, it is likely that the immune rats in our experiments manifested a salivary IgA anti-GTF response. In addition, gel diffusion analyses of the sera of these immune rats indicated the presence of precipitating antibody reactive with the major antigen of S. mutans 6715 (group d). This antigen shares determinants with the -a-d" site (unpublished data). Therefore, the immune animals in our experiments demonstrated antibody directed to both the GTF enzyme(s) and the cell surface-type antigen which have been implicated in S. mutans adherence.
It has recently been emphasized that secretory IgA antibody might be expected to be quite efficient in reaction with multiple repeating determinants on a bacterial cell surface (64) . Thus, secretory IgA antibody might be an effective inhibitor of S. mutans adherence since this adherence is mediated by repeating cell surface determinants. Indeed, several recent investigations have clearly demonstrated that IgA antibody can interfere with adherence phenomena demonstrated by a number of different bacteria (19, 69) .
If, in fact, the dental caries reductions observed can be attributed to inhibition of adherence of S. mutans by IgA antibody, then it would be reasonable to expect fewer S. mutans in the dental plaque of immune animals. However, the numbers of S. mutans that were recovered during infection or at the termination of the experiments did not follow such a pattern. One possible explanation to account for the failure to demonstrate consistent reductions in recovery of these organisms is suggested by findings of greater reductions of lesions and caries on smooth surfaces. Similar reductions, primarily in smooth surface caries, have been reported recently in three of five experiments in rats immunized with S. mutans (62) . Again, in this study (62) , no consistent differences in bacterial recoveries were noted. Rat molars have extremely deep occlusal fissures. Food and bacterial impaction in this area minimizes the presumptive importance of adherence. Also, S. mutans can constitute a far greater percentage of the organisms in pits and fissures than on smooth surfaces (31) . Therefore, it is conceivable that reductions of S. mutans recoverable from smooth surfaces could be masked by the larger numbers of this organism recovered from fissures. Certainly, more experimentation is necessary to establish this point.
Recent investigations have described a localized cell-mediated immunity (68) . Although such immunity has not been studied in the oral cavity, it is difficult to conceive of cell-mediated functions on the tooth surface.
We suggest that our findings are consistent with a concept of salivary IgA as an important ecological determinant in the oral cavity. It would seem to be feasible to specifically modify this determinant in order to affect the disease processes of certain microorganisms.
